A new sensor, which can estimate fatigue damage parameters such as number of cycles and stress amplitude, was proposed and fabricated based on smart stress memory patch. This sensor composed of an ion-sputtered metal film deposited on the smart stress memory patch (a thin copper specimen). The crack extension of the sensor during fatigue test could be estimated by measuring the electrical resistance change of the ion-sputtered metal film. The relationship between normalized electrical resistance and the crack extension obtained from the experiment showed a good agreement with that predicted by FEM analysis. This new sensor was combined with two wireless systems using commercially available wireless module and RFID tag. The capability of these systems was evaluated and the results showed that both systems were successfully applied to measure the crack length of the smart stress memory patch. It demonstrated that the proposed systems have potential as a wireless sensor for structural health monitoring, which enable long-term fatigue evaluation with features of easy configuration, wireless and powerless.
Introduction
Many bridges, ships, trains, aircraft, power plants and buildings are in service despite their degradation progress, therefore structural health monitoring (SHM) for a longterm performance is highly required to ensure the reliability of these structures. Although various techniques such as strain monitoring, crack detection and corrosion monitoring have been utilized for structures, the limitations due to the physical connections between signal communication and the battery power supply make these technologies inconvenient to use in most situations. To overcome these problems, there is increasing interest in the integration of RFID (Radio Frequency Identification) and sensor networks for structural health monitoring. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] RFID is a technology that transmits information between a reader and tags attached to an object using electromagnetic induction for the purpose of identification. It is widely used as IC tag or IC card. The RFID sensor network composes of RFID sensor tags, RFID reader and base station. 1) In this network, RFID sensor tags are used to collect desired information. This system provides the benefits of low cost, simple measurement, easy configuration and so on. Since tag is powered by electromagnetic induction from the reader, tag itself does not need battery for sensing and data transmission. There are several researches about using RFID sensor tag for SHM. For example, Watters et al. 2, 3) have developed a wireless sensor for monitoring the level of chloride ingress into concrete bridge. Morita et al. 4) and Chin et al. 5) have proposed a wireless sensor which can detect the presence of cracks and deformation in structures using electrically conductive paint or thin copper strip. Moreover, the possibility of integration of crack sensing and corrosion monitoring, 6) and the combination of MEMS (Microelectromechanical Systems) and RFID for corrosion monitoring 7) have been reported. In order to monitor strain, Mita et al. 8) fabricated the peak displacement sensor using LC circuit. Eriguchi et al. 9) and Ikemoto et al. 10) have proposed strain sensing systems using RFID system and strain gage. However, a RFID sensor tag to evaluate the accumulation of fatigue damage has not been presented because it is difficult to combine the RFID system and traditional fatigue assessment techniques, such as continuous strain monitoring by strain gage or FBG (Fiber Bragg Grating) sensor. [11] [12] [13] The estimation of fatigue damage of structures is very important to avoid fractures due to their aging degradation. Therefore, RFID-type fatigue sensor is strongly required for this sensor network.
The crack length is one of important fatigue parameters. Many studies on the measuring method for crack length in specimen have been developed. The existing crack measurement techniques including compliance method, electric potential technique, and acoustic emission (AE) method require complicated devices, and it would be difficult to be combined with wireless system. Compared with the complexity of these techniques, crack gage can estimate the crack length of the specimen by a simple measurement of electrical resistance change. For example, a commercial crack gage made of nickel-chromium alloy has been successfully used for measuring the crack length in the specimen.
14-16) It would become possible to combine the crack © 2011 ISIJ gage technique with wireless communication system to measure the crack length wirelessly. Our proposed sensor called smart stress memory patch (hereinafter called "smart patch") which consists of a thin copper specimen with a pre-crack can estimate fatigue damage parameters such as number of cycles, stress amplitude, and maximum stress of structures. [17] [18] [19] [20] [21] The stress amplitude and the cyclic numbers can be estimated from the fatigue crack growth of smart patch fixed on the structure, and maximum stress can be obtained by the AE onset stress. Since this smart patch needs neither the continuous power supply nor wiring, it is potentially applicable to RFID sensor network. The most critical problem in this application is how to measure the crack length of smart patch wirelessly with a high accuracy. The crack gage with wireless communication system is one of potential tools for solving this problem. However, the fatigue crack growth in smart patch (copper specimen with about 100 μm thickness) would be easily disturbed by stiffness of crack gage, if a commercially available crack gage is attached to smart patch in the same way as strain gage.
In this study, ion-sputtered metal film and insulating layer was formed on smart patch as a thin crack gage (about 5 μm thickness) to avoid disturbing the fatigue crack growth, which will hereafter be called "sputtered smart patch". The fatigue test of the sputtered smart patch was conducted in which the electrical resistance change of the ion-sputtered metal film was measured by a conventional wired system. Finite element method (FEM) was also performed to evaluate the relationship between the crack length of the sputtered smart patch and the electrical resistance change of the ion-sputtered metal film. Moreover, two wireless systems were assembled to measure electrical resistance change of ion-sputtered metal film and to estimate crack length in sputtered smart patch wirelessly. One is composed of a commercially available wireless module, AD converter and battery. The other consists of RFID tag without battery. These two wireless sensing systems were applied to fatigue test of sputtered smart patch for measuring the crack length. The wireless sensor proposed in this paper will provide a wireless sensor network based on RFID system for structural health monitoring, which enable long-term fatigue evaluation with features of easy configuration, wireless, and powerless.
Principle of Proposed Sensor
A schematic image of the proposed sensor based on smart patch is shown in Fig. 1 . This sensor is composed of an ionsputtered metal film deposited on the smart patch (a thin copper specimen with a pre-crack). The fatigue damage parameters such as number of cycles and stress amplitude of structures can be evaluated by measuring the crack length of the smart patch attached to the structure, the principle of which will be explined in section 2.1. To permit fully automated operations, the crack extension can be estimated by measuring the electrical resistance change of the ionsputtered metal film without the need for optical observations. The details of the measuring method of crack length will be examined in section 2.2. Two wireless systems for measuring the electrical resistance change of ion-sputtered metal film will be described in the following chapter.
Estimation of Cyclic Number and Stress Amplitude
The details of the principle of smart patch is described in the previous paper.
17 ) The cyclic number (N) and stress amplitude (Δσ) of structures can be estimated from the crack length values detected from two smart patches with different characteristics using the following equations: (2) where W is the width of specimen, α 0 is the normalized initial crack length, α is the normalized initial crack length, C and m are empirical constants of Paris law and f(α) is the shape factor of the stress intensity factor. Indexes 1 and 2 represent smart patch 1 and 2, respectively. By substituting the normalized crack lengths α 1 and α 2 detected from two smart patches into Eqs. (1) and (2), the cyclic number and the stress amplitude can be estimated as shown in Fig. 2(a) . Furthermore, fatigue life will be assessed by substituting the estimated cyclic number and stress amplitude into Miner's rule.
22)

Equations to Estimate Crack Length
Given that the fatigue crack propagated simultaneously in both the smart patch and the ion-sputtered metal film, the crack length of the smart patch can be estimated by measuring the electrical resistance change of the ion-sputtered metal film as shown in Fig. 2(b) . There are many studies on the measuring method of crack length using conductive surface film. In this study, two calibration formulae derived by Ogawa et al. 23) and Deng et al. [24] [25] [26] are considered for the estimation of crack length. Ogawa et al. used a single edgecracked rectangular film of carbon for crack length measurement of nonconductive brittle materials, and the calibration curve of the resistance change as a function of normalized crack length, a g /W g (where a g and W g are a crack (4) where b and c are constants to be decided by FEM.
Experiment
Fabrication of Sputtered Smart Patch
A whole shape of sputtered smart patch is shown in Fig.  3(a) . It consists of substrate, insulating layer and ion-sputtered metal film. Substrate was electrodeposited (ED) copper of 99.96% purity with an average grain size of 2 μm.
This small grain size provides a stable crack propagation and easy observation of crack length. The ED copper sheet with a thickness of 0.1 mm was cut to coupons with a dimension of 40 × 5 mm. A single notch with a length of 2.5 mm and a width of 0.3 mm was induced at the center from one side of the coupon. The notch tip was a roundshaped with a radius of approximately 150 μm. Additionally, the notch tip was sharpened to curvature radius of about 30 μm by the blade (High-stainless 100 μm, FEATHER Safety Razor Co., Ltd.). One side of the coupon was polished to a mirror finish using 3 μm and 1 μm alumina slurry.
The average roughness of the polished surface was approximately 120 nm examined by scanning electron microscope (SEM).
In order to insulate the ion-sputtered metal film from the copper substrate, the insulating layer was deposited on the copper substrate. The insulating layer was made of varnish (VA-30, Sunhayato Corp.). This varnish was diluted three fold with the thinner and then spin-coated on the mirrorpolished surface of copper substrate at 3 000 rpm for 30 seconds. The process of spin-coating was repeated five times to obtain the insulating layer with a thickness of 5 μm. The average surface roughness of the insulating layer was approximately 100 nm. After enough drying, the insulated surface except for the crack detection area shaded in Fig.  3(a) was covered by polyimide tape like a window. Since the ion-sputtered metal film must be insulated from the substrate thoroughly, the area close to the edges of the substrate was also covered. A layer of metal (Pt-98 wt%, Pd-2 wt%) was then deposited on the insulating layer as the crack gage by ion sputtering machine (E-102, Hitachi) at 15 mA for 10 min. The dimension and cross section of the ion-sputtered metal film are shown in Figs. 2(b) and 2(c) , respectively. The thickness of the ion-sputtered metal film was approximately 40 nm estimated from the relationship of an electrical current and sputtering time. The ion-sputtered metal film was connected to electrical resistance measurement system at two ends by Ag paste. The photograph of sputtered smart patch around notch tip is shown in Fig. 4 . The initial electric resistance of the ion-sputtered metal film was 860 Ω.
Calibration Curve to Estimate Crack Length
As described in section 2.2, the relationship between electrical resistance and crack length of conductive film (Eqs. (3) and (4)) has been evaluated. However, it is unclear that these equations can be applied to the present ion-sputtered metal film because the film has higher aspect ratio (lg/Wg = 3.6) than those of the previous studies (lg/Wg = 0.25 to 2). [23] [24] [25] [26] In order to obtain the values of f, b and c in Eqs. (3) and (4), elec- . 6 . The electric current of metal film was calculated by the integration of current density in analytical results, and the resistance was derived from Ohm's law. The resistance monotonically increased as the crack length increased. The obtained relationship between the normalized resistance, R/R0, and the crack length, ag was applied to Eqs. (3) and (4), and fitting parameters were obtained as f =0.1496 and b = 3.93, c = 2.76 × 10 2 Ω, respectively. Therefore, Eqs. (3) and (4) were used as the calibration curve of the ion-sputtered metal film to estimate the crack length in sputtered smart patch.
Wireless Crack Length Measurement System
Two wireless systems were constructed to measure electrical resistance change of ion-sputtered metal film during fatigue test. The first system consisted of sputtered smart patch, commercially available low power wireless module (AM-RT5-315, RF Solutions Ltd.), AD converter, central processing unit, battery and antenna. The microprocessor (PIC12F675, Microchip Technology Inc.) was utilized as AD converter and central processing unit for measuring the electrical resistance of the ion-sputtered metal film. The measurement value was acquired by receiver (AM-HRR3-315, RF Solutions Ltd.) at a distance from about three meters and recorded on notebook computer. The other one was RFID sensing system composed of sputtered smart patch, RFID tag (RX2S, Yoshikawa RF Systems Co., Ltd.) and microprocessor (PIC12F675, Microchip Technology Inc.), in which the electrical resistance of the ion-sputtered metal film was converted to digital value and transmitted to the RFID reader (RX2100, Yoshikawa RF Systems Co., Ltd.). The schematic of wireless system for measuring crack length using RFID tag is shown in Fig. 7 . The RFID reader plays two roles of supplying power to RFID tag and acquiring the measured value from RFID tag by a unique protocol. It can communicate with RFID tags and microprocessor at the distance from about 30 mm. The features of each wireless system were summarized in Table 1 . 
Fatigue Test
Sputtered smart patch was clamped at both ends on fatigue testing machine with an electro-magnetic actuator (MMT-100N, Shimadzu), and fatigue pre-crack was introduced under maximum stress of 24 MPa and stress ratio of 0.1 until total crack length reached to about 2.7 mm. Afterwards, fatigue test was carried out under constant amplitude loading with maximum stress of 40 MPa, stress ratio of 0.1 and frequency of 19 Hz. During fatigue loading, the crack length of the sputtered smart patch was observed by two optical microscopes from both sides (ion-sputtered side and uncoated surface side). The electrical resistance change of the ion-sputtered metal film was measured by a conventional wired system and two wireless system described in the previous section.
Results and Discussion
Crack Length and Electrical Resistance of Ion-
sputtered Metal Film Fatigue crack growth was observed from both sides of sputtered smart patch, and it was found that the fatigue crack propagated almost simultaneously in both the ion-sputtered metal film and the copper substrate. Therefore, the crack extension of the copper specimen, Δa, was equal to the crack length of the ion-sputtered metal film, ag. The relationship between the crack extension and the normalized resistance (R/R0) was shown in Fig. 8 , in which square points are experimental results, upper two lines are the experimental curve fitting using Eqs. (3) and (4), and lower two lines are the prediction by FEM (calculated in section 3.2). The normalized resistance monotonically increased with the crack extension. The relationship between the crack extension and the resistance change of the ion-sputtered metal film exhibits a good agreement with the prediction by FEM at the beginning of crack growth, and then gradually departs from the prediction.
The difference in normalized resistance between the experiment and the prediction by FEM began to increase at the crack length of about 0.6 mm. It indicates that there are unexpected factors to increase the electrical resistance of the ion-sputtered metal film in the later stage of crack growth. Deng et al. 26) investigated the electric resistance change of the ion-sputtered Au film on steel test pieces during a threepoint bending fatigue test, and observed gradual change not related to crack growth in the electric resistance. However, the factor causing the gradual changes has not been explained. A factor which may affect the resistance change is strain dependence, contacts between crack surfaces and deterioration in material properties due to chemical reactions, but its effect can not be observed in this test. In order to find out the reason why the resistance increase more than expected by FEM, the surface of the ion-sputtered metal film during fatigue loading was observed. Photograph of the ion-sputtered metal film around the crack tip at Δa = 1.06 mm are shown in Fig. 9 . It was found that numerous microcracks arise around the tip of the main fatigue crack. These cracks were almost perpendicular to loading direction, and increased their numbers and widths as the main crack grows. It is considered that the stress concentration around the main crack tip induced the generation of these microcracks, and which is related to the tendency of electrical resistance change. Handge 27) analyzed stress transfer at the interface of substrate and polymer coatings based on shear-lag model. They derived analytical expressions for the fragment size distribution in the sequential cracking of coatings under uniaxial loading using Weibull distribution of the coating's strength, but the behavior under the multiaxial stress field around the crack tip have not been investigated.
To modify the effect of microcrack, the experimental data were applied to Eqs. (3) and (4), and the experimental fitting parameters of fe = 0.206 and be = 3.69, ce = 6.43 × 10 2 Ω were obtained. The experimental fitting curve are shown as solid line and broken line in Fig. 8 , in which the correlation coefficients are 0.890 and 0.989, for Eqs. (3) and (4), respectively. It showed that Eq. (4) is more appropriate to describe the relationship between resistance change and crack length. It is because Eq. (3) was derived from the assumption of brittle substrate without the effect of microcrack. 23) On the other hand, it was reported that Eq. (4) was effective on the fatigue test of metal substrate. 25) 
Estimation of Crack Length
The crack extensions were estimated by substituting the normalized resistance of the film into Eqs. (3) and (4) with the experimental fitting parameters described in secsion 4.1. The estimated results show a good agreement with the measurement of the optical microscope as shown in Fig. 10 . The mean discrepancies of crack length from optical microscope measurement are 0.117 mm and 0.037 mm, for Eqs. (3) and (4), respectively. Therefore, it was demonstrated that Eq. (4) is more appropriate to estimate crack length of sputtered smart patch. On the other hand, large deviation was observed at the beginning of the crack growth. It is because the change in the electric resistance of the metal film is very small at the beginning (as shown in Fig. 8 ) and the measuring error was emphasized. For solving this problem, it is effective to use other materials for the film, such as nickelchromium alloy or carbon that shows higher electrical resistivity than Pt-Pd, or to design the film shape that enlarges the electrical resistance change at the beginning.
Wireless Crack Measurement Results
The resistance change in the ion-sputtered metal film during fatigue test was measured by wired system, commercially available wireless system and RFID system. The communication distance of the commercially available wireless system was about three meters, and that of RFID system was about 30 mm. The examples of time variations in the normalized resistance on each system are shown in Fig. 11 . The measurement value of RFID system shows the largest scattering, because the power supply via electromagnetic induction and the reference voltage were unstable. By substituting the average of the normalized resistance data in 20 seconds into Eq. (4) with the experimental fitting parameters, the crack extension was obtained in each system as shown in Fig. 12 . The results of the commercially available wireless system and RFID system shows the almost same scattering as the wired system in the later stage of crack growth. The mean discrepancies of crack length from optical microscope measurement are 0.037 mm, 0.038 mm and 0.095 mm, for wired system, commercially available wireless system and RFID system, respectively. Thus, it was confirmed that the crack length of sputtered smart patch can be measured wirelessly by the combination of the ion-sputtered metal film and the wireless systems. Considering that these systems will be applied to the real structure such as bridge and ships, a more large communication distance and the availability around metallic structures are required.
Conclusions
In the present study, a new wireless fatigue sensor composed of smart stress memory patch and RFID tag was fabricated, and its availability was evaluated. The following conclusions are obtained.
(1) The ion-sputtered metal film was formed on smart patch (copper specimen) to measure the crack length. The relationship between the normalized electrical resistance and the fatigue crack length exhibits a good agreement with the prediction by FEM at the beginning of its crack growth, and then gradually departs from the prediction because of the generation of numerous microcracks.
(2) The effect of microcrack on electrical resistance in the ion-sputtered metal film can be modified by experimental curve fitting. The crack length of sputtered smart patch was estimated by substituting the normalized ele- ctrical resistance into the calibration equation with the experimental fitting parameters. (3) Wireless measuring system, which composed of the ion-sputtered metal film, AD converter and RFID tag, was constructed and successfully applied to measure the crack length of sputtered smart patch during fatigue test. Therefore, it was demonstrated that the proposed wireless fatigue sensor can evaluate the cyclic number and the stress amplitude in fatigue loading.
